Chronic inflammation, which is often associated with high all-cause and cardiovascular mortality, is prevalent in patients with renal failure; however, the precise mechanisms remain unclear. High-salt intake was reported to induce lymphangiogenesis and autoimmune diseases via osmotic stimuli with accumulation of sodium or chloride. In addition, sodium was recently reported to be stored in the extremities of dialysis patients. We studied the effects and mechanisms of high salt loading on tissue and systemic inflammation in subtotal-nephrectomized mice (5/6Nx) and in cultured cells. Macrophage infiltration in the peritoneal wall (Po0.001), heart (Po0.05) and para-aortic tissues (Po0.001) was significantly higher in 5/6Nx with salt loading (5/6Nx/NaCl) than in 5/6Nx without salt loading (5/6Nx/Water); however, there were no significant differences in blood pressure and renal function between the groups. Tissue interleukin-6, monocyte chemotactic protein-1 (MCP-1), serum-and glucocorticoid-inducible kinase 1 (Sgk1) and tonicity-responsive enhancer binding protein (TonEBP) mRNA were significantly elevated in the peritoneal wall and heart with 5/6Nx/NaCl when compared with 5/6Nx/Water. Sodium was stored in the abdominal wall, exerting high-osmotic conditions. Reversal of salt loading reduced macrophage infiltration associated with decreased TonEBP in 5/6Nx/NaCl. Macrophage infiltration associated with fibrosis induced by salt loading was decreased in the 5/6Nx/NaCl/CC chemokine receptor 2 (CCR2, receptor of MCP-1)-deficient mice when compared with 5/6Nx/NaCl/Wild mice, suggesting that CCR2 is required for macrophage infiltration in 5/6Nx with NaCl loading. In cultured mesothelial cells and cardiomyocytes, culture media with high NaCl concentration induced MCP-1, Sgk1 and TonEBP mRNA, all of which were suppressed by TonEBP siRNA, indicating that both MCP-1 and Sgk1 are downstream of TonEBP. Our study indicates that high NaCl intake induces MCP-1 expression leading to macrophage infiltration via the TonEBP-MCP-1 pathway in 5/6Nx/NaCl mice, and that TonEBP has a central role in inflammation in patients with renal failure taking high salt.
autoimmune diseases. [9] [10] [11] Several studies have reported that after high-salt intake, sodium induces lymphangiogenesis via osmotic stimuli through activation of the tonicity-responsive enhancer binding protein (TonEBP)/nuclear factor of activated T cells 5 (NFAT5)-vascular endothelial growth factor (VEGF)-C signaling pathway in macrophages, thereby lowering blood pressure. 9, 11, 12 High-salt intake also causes peritoneal fibrosis and thickening of the submesothelial layer, and induces epithelial-mesenchymal transition associated with upregulation of inflammatory cytokines in rodents. 13 In addition, daily sodium intake in CKD patients under regular nephrology care is reported to be higher than recommended, 14 and patients with renal failure have difficulty achieving sodium balance, thereby resulting in sodium accumulation during high sodium diet intake. 15 Little is currently known about the potential effects of sodium on target organ damage in uremia. 16 In this study, we investigated the roles of high sodium loading on tissue and systemic inflammatory changes in subtotal-nephrectomized mice and cultured cells.
MATERIALS AND METHODS Animal Model
All of the animal studies were carried out in accordance with the Animal Experimentation Guidelines of Nagoya University Graduate School of Medicine (Nagoya, Japan) and were approved by the Animal Experimentation Committee of Nagoya University (approval # 25378). Eight-to 10-week-old male 129SvJJmsSlc mice (Japan SLC, Hamamatsu, Japan) weighing 20-25 g were used throughout the study. Animals were maintained under conventional laboratory conditions and were given free access to food and water. Mice underwent subtotal nephrectomy (5/6Nx) or sham surgery (Sham), and drinking water was either tap water (Water) or 1% NaCl water (NaCl) (Supplementary Figure 1) . Renal ablation was performed as described previously. 17 Briefly, mice were anesthetized with diethyl ether (Wako, Osaka, Japan). The flank region was shaved, and animals were placed on a heating pad to maintain a constant body temperature (37°C). Under anesthesia, a left flank incision was made, and two-thirds of the mass of the left kidney was ablated. Seven days later, mice were anesthetized as above, and the right kidney was removed. After renal ablation, the flank was closed in two layers with 5-0 silk sutures. In control mice, sham surgery was performed. Mice were classified into four groups, including sham-operated mice with water (Sham/Water: n = 6, 0 weeks; n = 6, 2 weeks; n = 6, 4 weeks), sham-operated mice with 1% NaCl water (Sham/NaCl: n = 6, 2 weeks; n = 6, 4 weeks), subtotal-nephrectomized mice with water (5/6Nx/Water: n = 7, 2 weeks; n = 8, 4 weeks) and subtotal-nephrectomized mice with salt loading (5/6Nx/NaCl: n = 6, 2 weeks; n = 6, 4 weeks) (Supplementary Figure 1a) . Blood pressure and body weight were measured every 2 weeks. Blood pressure was measured and assessed as the mean value of eight consecutive measurements using a tail-cuff sphygmomanometer under unstressed conditions (BP-98A; Softron, Tokyo, Japan), as described previously. 17 Mice were killed on days 14 or 28 under anesthesia with diethyl ether (Wako). Heart, parietal peritoneal samples and aorta including para-aortic tissues were harvested and were processed for routine histology, immunohistochemistry and total RNA isolation.
In a study to reverse NaCl loading by furosemide, serum creatinine levels, blood pressure, body weight, tissue macrophage infiltration and expression of monocyte chemotactic protein-1 (MCP-1), TonEBP and serum-and glucocorticoidinducible kinase 1 (Sgk1) mRNA were compared between 5/6Nx/NaCl and 5/6Nx/NaCl mice with furosemide (n = 5 each group) (Supplementary Figure 1b) . Furosemide (10 mg/ kg; Sanofi-Aventis, Paris, France) was administered subcutaneously once daily for 4 weeks. The doses of furosemide were increased to 20 mg/kg when body weight increased to 4120% of the previous day and was reduced to 5 mg/kg when body weight decreased to o90% of the previous day.
In another study, to reverse NaCl loading, mice underwent subtotal nephrectomy (5/6Nx) or sham surgery (Sham), and drinking water was tap water (W) or 1% NaCl water (Na). 5/6Nx/NaCl/Water mice were then changed from 1% NaCl water to water at 4 weeks (Supplementary Figure 1c) .
CC chemokine receptor 2 (CCR2)-deficient mice were provided by Drs N Mukaida and T Wada (Kanazawa University, Kanazawa, Japan). 18, 19 Mice were classified into three groups: Sham/Water/Wild mice (n = 6), 5/6Nx/NaCl/ Wild mice (n = 6) and 5/6Nx/NaCl/CCR2-KO mice (n = 6) (Supplementary Figure 1d) .
Processing of Samples and Analysis
One part of each tissue sample was fixed with 10% buffered formalin overnight, routinely processed for light microscopy and embedded in paraffin. Sections (4 μm) were cut and stained with hematoxylin and eosin (HE) and Masson'strichrome. A second part was snap frozen in liquid nitrogen. Sections (4 μm) were cut with a cryostat and used for IHC. A third part of each tissue sample was immersed in RNAlater (Ambion, Austin, TX, USA) for total RNA isolation. To preserve the integrity and stability of total RNA, all of the steps were performed at 4°C under sterile conditions. Immunohistochemical analysis was performed for CD68-, ER-HR3-, CD86-, CD206-(mannose receptor) and CD163-positive macrophages, and mRNA expression was examined for CD86, CD206, IL-6, MCP-1, Sgk1, TonEBP, NADPH oxidase (NOX) -2, NOX-4, glutathione reductase (Gsr), glutamate-cysteine ligase catalytic subunit (Gclc) and thioredoxin reductase 1 (Txnrd1). Serum IL-6 concentration was measured by enzyme-linked immunosorbent assay (ELISA).
Histology and Immunohistochemistry
Immunostaining for ER-HR3 was performed on buffered formalin-fixed tissues and on frozen sections. 20, 21 Immunostaining for MCP-1, TonEBP, CD68, CD86, CD163 and CD206 was performed using 4-μm cryostat sections, as Salt enhances inflammation in CKD F Sakata et al described previously. 9, 22, 23 The antibodies used are listed in Supplementary Table 1 .
Morphological Analysis CD68-, ER-HR3-, CD86-, CD206-and CD163-positive macrophages were identified and counted using a Zeiss Z1 image microscope and Axiovision Windows software version 4.4 (Carl Zeiss, Oberkochen, Germany), as described previously. 9, 22, 23 Macrophages were counted in at least 10 random 750 × 500-μm areas at × 200 magnification of the peritoneal wall and are expressed in terms of counts per square millimeter (/mm   2 ).
Enzyme-Linked Immunosorbent Assay MCP-1 and IL-6 protein levels in cell culture supernatant or in serum were measured using Human CCL2/MCP-1 Immunoassay (R&D, Minneapolis, MN, USA) and mouse IL-6 immunoassay (R&D) for IL-6, in accordance with the manufacturer's instructions. Samples were frozen at the time of collection and were stored at − 80°C. Samples were not subjected to freeze-thaw cycles.
Measurement of Tissue Na and Water Content
We performed chemical analysis of electrolytes and water content in the abdominal tissues using the modifications of previously reported methods. 9, 11 We removed and weighed the abdominal wall tissues (wet weight (WW)), then performed desiccation at 90°C for 72 h (dry weight (DW)). Tissue water content was measured by the difference between (WW) and (DW). We further ashed the separated tissues at 600°C for 48 h, followed by dissolution in 10% HNO 3 . We measured Na concentration by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7700X; Agilent Technology, Santa Clara, CA, USA). We measured Na content in the abdominal tissues at 4 weeks in sham/water mice (n = 5), 4 weeks in 5/6Nx/NaCl mice (n = 5) and 8 weeks in 5/6Nx/ NaCl mice (n = 5).
Capillary Electrophoresis Time-of-Flight Mass Spectrometry (CE-TOFMS) Analysis Serum and tissue concentrations of oxidized and reduced glutathione were measured by CE-TOFMS, as described previously. 24, 25 Cell Culture Study A human mesothelial cell line (Met5A) was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), and was maintained as reported previously. 23, 26 Cells reached confluence in 3-5 days and were then split two to three times and cultured. Subconfluent Met5A were washed twice with PBS, and the culture medium was replaced with serum-free medium for 24 h in order to render the cells quiescent. Subsequently, the culture medium was changed to medium with increased osmolality by addition of NaCl. Cells were harvested at 0 (basal condition) and 24 h (n = 3 dishes of cells at each time point RNA Preparation from Tissues and Cultured Cells, and Quantitative PCR Analysis RNA preparation and synthesis of first-strand cDNA were performed as described previously. 22, 23, 26 Total RNA (1 μg) was then reverse transcribed. Real-time polymerase chain reaction analysis was performed using an Applied Biosystems Prism 7500HT sequence detection system with TaqMan gene expression assays, as described previously. 22, 23, 26 The TaqMan Gene Expression Assays (Applied Biosystems) used are listed in Supplementary Table 2. 18S ribosomal RNA was used as an endogenous control. 22, 23, 26 TonEBP Knockdown Using siRNA Inhibition studies of TonEBP were performed using siRNA. We purchased TonEBP siRNA (ON-TARGET plus SMART pool siRNA) and negative control siRNA (ON-TARGET plus non-targeting control Pool, catalog #001810-10, Thermo Fisher Scientific, Waltham, MA, USA). siRNA was transfected using Lipofectamine RNAiMAX Transfection Reagent (Life Technologies, Carlsbad, CA, USA) in accordance with the manufacturer's protocol and as described previously. 27 Briefly, siRNA and Lipofectamine RNAiMAX were diluted in Opti-MEM and were then mixed and incubated for 20 min. Met5A cells and cardiomyocytes were plated at a density of 1.0 × 10 5 cells and 1.4 × 10 5 cells/35-mm tissue culture dish, respectively. Cells were transfected with siRNA-Lipofentamine RNAiMAX complexes in serum-free medium at final siRNA concentrations of 100, 10 and 1 nM. We also used another transfection method in cardiomyocytes.
Statistical Analyses
Values are expressed as means ± s.d. Differences between two groups were analyzed by Student's t-test or by Mann-Whitney test. Comparisons among groups were performed by one-way analysis of variance followed by Dunnett's or Kruskal-Wallis multiple comparison tests. Differences were considered to be statistically significant at Po0.05. All analyses were performed using SPSS software (SPSS, Chicago, IL, USA). In the heart, CD206, IL-6 and MCP-1 mRNA expression was significantly higher at 4 weeks in 5/6Nx/NaCl mice than in 5/6Nx/Water mice (e-h). The results of CD163mRNA expression were similar to CD206 (M2 marker) mRNA expression (data not shown). Ctrl, control mice at 0 weeks; Na, NaCl (with NaCl loading); W, water (without NaCl loading); 5/6Nx, subtotal nephrectomy. Figure 1) . Serum creatinine and systolic blood pressure levels did not increase in Sham/Water or Sham/NaCl mice (Supplementary Figure 2) . We found that serum creatinine and blood pressure levels increased from 2 weeks after subtotal renal ablation, as reported previously; 17 however, there were no significant differences in serum creatinine concentration and systolic blood pressure between 5/6Nx/NaCl and 5/6Nx/Water mice at 2 and 4 weeks (Supplementary Figure 2) .
Macrophage Infiltration is Significantly Higher in Peritoneal Wall, Heart and Para-Aortic Area in 5/6 Nephrectomy with NaCl Loading At 4 weeks, CD68-and ER-HR3-positive macrophages were predominant in the peritoneal wall, heart and para-aortic tissues in 5/6Nx/NaCl when compared with 5/6Nx/Water ( Figure 1 and Supplementary Figure 3) . These changes were associated with fibrosis (Supplementary Figure 4) . Analysis of the para-aortic area was only performed on macrophage infiltration because of limitations in sample size.
Time Course Expression of Surface Markers of Macrophages, Inflammatory Markers and Oxidative
Stress in 5/6 Nephrectomy with NaCl Loading In the peritoneal wall in 5/6Nx/NaCl mice, CD68-, CD86-(M1), CD206-and CD163 (M2)-positive macrophages were elevated from 2 to 4 weeks; however, there were no significant differences between 2 and 4 weeks (Supplementary Figure 5) . Increases in CD68, CD206 and CD163 in the hearts from 5/6Nx/NaCl mice were similar to those in the peritoneal wall; in contrast, CD86 did not increase significantly (Supplementary Figure 5) . T cells were rarely detectable in both tissues at 4 weeks, whereas some CD4 cells were detected in the para-aortic area (Supplementary Figure 6) . In the peritoneal wall at 4 weeks, CD86, CD206, IL-6 and MCP-1 mRNA expression was significantly higher in 5/6Nx/ NaCl mice than in 5/6Nx/Water mice. In the heart at 4 weeks, CD206, IL-6 and MCP-1 mRNA expression was significantly higher in 5/6Nx/NaCl mice than in 5/6Nx/Water mice. IL-6 mRNA was already elevated at 2 weeks, and there were no significant increases in CD86 mRNA expression at 4 weeks (Figure 2) . Serum IL-6, often used as a systemic inflammatory marker in clinical settings, 28 was upregulated in both the 5/6Nx/NaCl and 5/6Nx/Water mice; however, we did not find any significant differences between the groups (Supplementary Figure 7) .
Oxidative stress is known to be a feature of CKD, and a driver of CKD, cardiovascular progression and other complications. 1, [29] [30] [31] In this study, NOX-2 and -4 mRNA expression in the peritoneal wall and heart was significantly elevated at 4 weeks in 5/6Nx/NaCl mice when compared with levels in 5/6Nx/Water mice (Supplementary Figure 8a) , thus suggesting that oxidative stress was more strongly generated under 5/6Nx/NaCl conditions. However, increases in NOX-2 and -4 mRNA were not prominent in 5/6Nx/Water mice (Supplementary Figure 8a) . Antioxidants, such as Gsr, Gclc and Txnrd1 in nuclear factor-like 2 (Nrf2) response pathways, were upregulated in 5/6Nx/NaCl mice at 4 weeks (Supplementary Figure 8) .
Storage of Na in Abdominal Wall Tissues, Activation of Sgk1 and TonEBP were Observed after 5/6 Nephrectomy with Salt Loading We found that Na storage in the abdominal wall tissues was significantly increased in the 4 weeks 5/6Nx/NaCl mice and 8 weeks 5/6Nx/NaCl mice when compared with Sham/Water mice (Figure 3a) . These findings are compatible with the Na storage in lower limbs recently reported in hemodialysis patients. 32 Sgk1, a mineralocorticoid receptor-dependent gene, was upregulated at 4 weeks in 5/6Nx/NaCl mice. In addition, TonEBP mRNA was elevated in 5/6Nx/NaCl mice (Figure 3b ). Immunohistochemistry studies showed that TonEBP translocated into the nuclei in 5/6Nx/NaCl mice, whereas in other groups, only faint cytoplasmic staining was observed (Figure 3c ).
Reversal of Salt Loading by Furosemide or Change from
High Salt to Water Administration Reduced Macrophage Infiltration Associated with Decreased MCP-1 and TonEBP Expression in 5/6 Nephrectomy with NaCl Loading In order to reverse NaCl loading, we administered furosemide subcutaneously to 5/6Nx/NaCl mice. Systolic blood pressure, body weight and serum creatinine levels did not change between 5/6Nx/NaCl mice and 5/6Nx/NaCl mice with furosemide ( Supplementary Figure 9) . However, macrophage infiltration in the peritoneal wall (Po0.01), heart (Po0.01) Figure 3 TonEBP and activation of Sgk1 were enhanced at 4 weeks in peritoneal wall and heart after 5/6 nephrectomy with NaCl loading. (a) Measurement of tissue Na and water content. (b) Messenger RNA expression was assessed by real-time PCR. (c) Immunohistochemistry for TonEBP in heart. TonEBP was translocated into the nucleus in 5/6Nx/NaCl, whereas in other groups, weak cytoplasmic staining was observed (c). Scale bars, 50 μm. Ctrl, control mice at 0 weeks; Na, NaCl (with NaCl loading); W, water (without NaCl loading); 5/6Nx, subtotal nephrectomy. 
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and para-aortic area (Po0.01) was significantly reduced by administration of furosemide ( Figure 4 , Supplementary  Figure 9b ). MCP-1 (Po0.05 for peritoneal wall and Po0.01 for heart), TonEBP mRNA (Po0.01) and Sgk1 mRNA (Po0.05 for peritoneal wall and Po0.01 for heart) were significantly reduced by furosemide in the peritoneal wall and in the heart (Figure 4 ). In addition, changes from high salt to water administration from 4 to 8 weeks (Supplementary Figure 1c) reversed tissue macrophage infiltration associated with downregulation of TonEBP and MCP-1 mRNA expression in the peritoneal wall, heart and para-aortic area in subtotal-nephrectomized mice with salt loading ( Figure 5,Supplementary Figure 10 ).
CCR2 is Required for Macrophage Infiltration in 5/6 Nephrectomy with NaCl Loading
In order to investigate the role of MCP-1, we performed inhibition studies using CCR2 (receptor of MCP-1)-deficient mice (CCR2-KO). Macrophage infiltration induced by salt loading was decreased in the Nx/NaCl/CCR2-KO mice when compared with Nx/NaCl/Wild mice in association with reduction of fibrosis. However, there were no differences in expression of TonEBP, MCP-1 and Sgk1 mRNA between Nx/ NaCl/CCR2-KO and Nx/NaCl/Wild mice ( Figure 6,  Supplementary Figure 11 ).
Salt Enhances Tissue Macrophage Infiltration in Adenine-Induced Renal Failure Model
In order to confirm the effects of salt loading, we studied macrophage infiltration in an adenine-induced renal failure model (Supplementary Figure 12) . High-salt diet also enhanced macrophage infiltration associated with upregulation of TonEBP in the peritoneal wall and heart in adenineinduced renal failure with salt loading (Adenine/NaCl) as compared with adenine-induced renal failure without salt loading (Adenine/Water), although serum creatinine levels tended to be lower in Adenine/NaCl mice (Supplementary Figure 12 ). There were no significant differences in blood pressure between the groups (115.3 ± 13.3 mm Hg in Adenine/Water, 124.8 ± 4.0 mm Hg in Adenine/NaCl); these readings were lower than in the 5/6Nx model mice (142.2 ± 13.3 mm Hg in 5/6Nx/Water vs Adenine/Water, Po0.01; 143.4 ± 21.1 mm Hg in 5/6Nx/NaCl vs Adenine/ NaCl, Po0.05) (Supplementary Figures 2 and 12 ).
NaCl-Induced Hypertonicity Increased MCP-1 in Mesothelial Cells and Cardiomyocytes through TonEBP
We observed that MCP-1 expression was elevated in mesothelial cells and cardiomyocytes in 5/6Nx/NaCl mice by immunohistochemistry (Supplementary Figure 13) , and thus we focused on these cells. In mesothelial cells (Met5A) and cardiomyocytes, higher-osmotic medium containing Na 190 mEq/l induced upregulation of TonEBP, MCP-1 mRNA and protein, and Sgk1 mRNA; all of these were suppressed by TonEBP siRNA in a dose-dependent manner (Figure 7) , indicating that both MCP-1 and Sgk1 were downstream of TonEBP. To confirm MCP-1 and Sgk1 dependency on TonEBP induction in cardiomyocytes, we suppressed TonEBP using another Accell siRNA system. Similar results were obtained at 24 h after incubation.
RAS-Related C3 Botulinum Toxin Substrate 1 (Rac1) was not Involved in High Salt-Induced MCP-1 and Sgk1 in Mesothelial Cells and Cardiomyocytes
We investigated whether activation of Rac1 was involved in the salt loading-induced upregulation of MCP-1 in 5/6Nx/ NaCl mice. In both inhibition studies using Rac1 siRNA (Supplementary Figure 14) and Rac1 inhibitor (data not shown) in mesothelial cells and cardiomyocytes, MCP-1, TonEBP and Sgk1 were not downregulated. In addition, pulldown assay did not confirm GTP-bound-activated Rac1 following stimulation of cultured mesothelial cells with a higher-osmotic medium containing Na 190 mEq/l (Supplementary Figure 15) .
DISCUSSION
Generally, loss of renal function is known to cause retention of uremic toxins and cytokines, which leads to inflammation and increased oxidative stress. 33 Pro-inflammatory cytokines generate oxidative stress, whereas oxidative stress generates inflammatory immune responses resulting in further production of cytokines. 33 We found that salt overload enhances macrophage infiltration associated with fibrosis in the peritoneal wall, heart and para-aortic area in subtotalnephrectomized mice when compared with 5/6Nx/Water mice ( Figure 1, Supplementary Figure 4) . M1 (CD86) macrophages tended to be increased only in the peritoneal wall, whereas M2 (CD163 and CD206) macrophages were elevated in the peritoneal wall and heart. These phenomena were associated with upregulation of local tissue IL-6 and MCP-1 mRNA expression, and oxidative stress. Increases in Sgk1 mRNA in the heart and peritoneal wall suggest that Figure 4 Furosemide reduced macrophage infiltration, TonEBP, MCP-1 and Sgk1 mRNA expression in 5/6 nephrectomized mice with NaCl loading. In order to reverse NaCl loading, we compared 5/6Nx/NaCl and 5/6Nx/NaCl mice after furosemide administration (Supplementary Figure 1b) . (a, b) ER-HR3-positive macrophage infiltration in peritoneal wall and heart was significantly suppressed by furosemide. (c) TonEBP, MCP-1 and Sgk1 mRNA were significantly reduced by furosemide in peritoneal wall and heart. Scale bars, 100 μm. Fu, furosemide treatment; Non-T, non-treatment; 5/6Nx, subtotal nephrectomy. activation of mineralocorticoid receptor signaling is involved in 5/6Nx/NaCl mice. We observed similar phenomena in another renal failure model. 34 Tissue macrophage infiltration was enhanced in Adenine/NaCl mice when compared with Adenine/Water mice; nevertheless, serum creatinine levels tended to be lower in Adenine/NaCl mice (Supplementary Figure 12) . The results of experiments to reverse Na loading by administration of furosemide or a change from salt water to tap water strengthen our theory of salt-induced tissue inflammation (Figures 4 and 5) . Local storage of Na + has been shown under disease conditions in animals and humans. 10, 13, [35] [36] [37] [38] After high-salt intake, electrolytes are stored in tissue, either by binding to negatively charged matrix proteoglycans or by exerting hyperosmolality. 12, 35, 36 This uniquely bound Na + or Cl − can induce a state of local hypertonicity in the interstitium, which can induce VEGF-C production via the TonEBP activation pathway. TonEBP was initially reported to drive osmoprotective gene expression in renal medullary cells, which are routinely subjected to high extracellular osmolalities. 39, 40 Recent data have indicated the profound biological importance of mammalian osmotic stress response in view of TonEBP-dependent gene regulation in non-renal tissues. 39 Interestingly, TonEBP is present in most tissues, including heart and skeletal muscles, [40] [41] [42] and is involved in the regulation of T cells and B cells. 40 NaCl was also reported to drive autoimmune disease involving the TonEBP-Sgk1 signaling pathway. 10 Our study suggests that in 5/6Nx/NaCl mice, high NaCl intake induces MCP-1 expression leading to macrophage infiltration, at least in part via the TonEBP-MCP-1 pathway when compared with 5/6Nx/Water mice ( Figures 3, 4 and 5) . This finding is supported by studies in cultured mesothelial cells and cardiomyocytes ( Figure 7 ).
Salt enhances inflammation in CKD
In patients with impaired kidney function, oxidative stress markers and oxidative modifications of proteins are often increased in association with inflammatory changes. 1, [29] [30] [31] In 5/6Nx/NaCl mice, increased inflammatory mediators, such as IL-6 (Figure 2c and g,Supplementary Figure 7) , are considered to contribute to increasing oxidative stress, 43 which can also induce inflammation. In our experiments, salt loading enhanced oxidative stress, as well as tissue inflammation, in 5/6Nx/NaCl mice. In this respect, a high-salt diet appears to lead to a vicious cycle of inflammation and oxidative stress. In addition, Sgk1, which is reported to be involved in the progression of oxidative stress, 44 was found to be upregulated in 5/6Nx/NaCl mice. Furthermore, we found that high tonicity-induced Sgk1 expression in cultured mesothelial cells and cardiomyocytes was regulated by TonEBP ( Figure 7 ). This finding is consistent with previous reports regarding renal medullary cells. 11, 45 Rac1 was reported to activate Sgk1 and have an important role in renal injury in salt-sensitive hypertensive rats under salt loading; 46, 47 however, Rac1 was not involved in local macrophage infiltration in our models (Supplementary Figures 14 and 15) .
In contrast to reactive oxygen species (ROS), natural antioxidant defense systems consisting of ROS scavenger molecules, such as Gsr, Gclc and Txnrd1 of the Nrf2 pathway, were activated in 5/6Nx NaCl mice at 4 weeks (Supplementary Figure 8) . At 12 weeks in 5/6 nephrectomized rats, Nrf2 was reportedly reduced in the kidney, but was not significantly reduced at 8 weeks. 48 These data suggest that in the early stages of renal failure, intrinsic antioxidant pathways are activated to reduce oxidative stress, whereas in advanced stages, these antioxidant pathways will be suppressed.
There are few reports regarding the relationship between systemic serum inflammatory markers and local tissue inflammation in renal failure. Interestingly, higher circulating levels of the pro-inflammatory cytokine IL-6 were observed, but we were unable to discriminate the inflammatory state of the tissues between 5/6Nx/Water and 5/6Nx/NaCl mice by serum IL-6 (Supplementary Figure 7) . Future studies may be necessary in order to identify markers that reflect tissue inflammation.
Generally, high-salt intake is associated with increases in blood pressure in patients with chronic renal failure. Blood pressure in 5/6Nx/NaCl mice was not significantly different from that in 5/6Nx/water mice at 4 weeks (Supplementary Figure 2) , but was significantly higher than in 5/6Nx/water mice at 8 weeks (data not shown). Blood pressure was also not significantly different between Adenine/NaCl and Adenine/Water mice at 4, 6 and 8 weeks ( Supplementary  Figure 12b) . To rule out the effects of hypertension and to investigate the mechanisms of initial inflammatory changes, we focused on the early stages in these models; however, blood pressure tended to be higher, but not significantly so, under salt loading (Supplementary Figures 2 and 12b) . In these respects, macrophage infiltration and inflammatory changes in the heart may be slightly affected by hemodynamics. There is a limitation in experiments of CCR2-KO mice. Other chemokines may be involved in macrophage tissue infiltration, as the circulating macrophage number is decreased in CCR2-KO mice. 49,50 Figure 5 Removal of high-salt administration from 4 to 8 weeks reversed TonEBP and MCP-1 mRNA expression and tissue macrophage infiltration at 8 weeks in subtotal nephrectomy with salt loading. (a) CD68-positive macrophage infiltration was significantly decreased at 8 weeks, 4 weeks after the change from 1% NaCl water to tap water, in both the peritoneal wall and heart of 5/6Nx/NaCl/Water mice. The second row shows high-magnification images of the respective boxed areas in the first row of images. (b) TonEBP, MCP-1 and Sgk1 mRNA expression in the peritoneal wall and heart of 5/6Nx/NaCl/Water mice was significantly lower than in 5/6Nx/NaCl mice at 8 weeks. Scale bars, 100 μm. Na, NaCl (with NaCl loading); Na/W, NaCl/Water 5/6Nx/NaCl/Water mice were changed from 1% NaCl water to water at 4 weeks; W, water (without NaCl loading); 5/6Nx, subtotal nephrectomy. Figure 6 For caption see page 444.
Salt enhances inflammation in CKD F Sakata et al Figure 6 Macrophage infiltration induced by 1% high NaCl loading in the peritoneal wall and heart was blocked in CCR2-deficient mice. (a) In the peritoneal wall and heart, CD68-positive macrophages were significantly decreased in the 5/6Nx/NaCl/CCR2-KO mice when compared with 5/6Nx/NaCl/Wild mice. Peritoneal fibrosis and cardiac fibrosis assessed by picrosirius red staining was upregulated in the 5/6Nx/NaCl/Wild mice; however, fibrosis was suppressed in the 5/6Nx/NaCl/CCR2-KO mice. (b) There were no differences in TonEBP, MCP-1 and Sgk1 mRNA expression in the peritoneal wall and heart between 5/6Nx/NaCl/Wild mice and 5/6Nx/NaCl/CCR2-KO mice. HCM-NaCl (24h) Met5A-NaCl (24h) Figure 7 High tonicity with NaCl-induced MCP-1 through TonEBP in mesothelial cells and cardiomyocytes. In mesothelial cells (a, Met5A) and cardiomyocytes (b, HCM), high-osmotic medium with Na 190 mEq/l induced upregulation of MCP-1 mRNA and protein, which was suppressed by TonEBP siRNA in a dose-dependent manner. In addition, high NaCl-induced Sgk1 was also suppressed by TonEBP siRNA. TonEBP, tonicity-responsive enhancer binding protein; Sgk1, Serum-and glucocorticoid-inducible kinase 1; 24 h cont., basal culture medium with Na 142.5 mEq/l without supplemental NaCl; NS, normal salt medium (Na 142.5 mEq/l); HS, high-salt medium (Na 190 mEq/l) supplemented with NaCl; L, addition of only Lipofectamine RNAiMAX without siRNA; C, addition of Lipofectamine RNAiMAX with non-targeting siRNA.
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In conclusion, a high-salt diet is an important factor for inducing local macrophage infiltration via TonEBP in renal failure. We observed that this pathway is closely related to oxidative stress and mineralocorticoid receptor signaling activation. Future studies using new drugs that can directly modulate TonEBP may reduce inflammatory changes and organ damage in chronic renal failure. These strategies may be useful in dialysis patients with loss of residual renal function, in which the effects of TonEBP in medullar tubules can be ignored.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org)
